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IMPROVED STRUCTURE OF GAS SENSOR ELEMENT DESIGNED 

TO MINIMIZE ERROR OF SENSOR OUTPUT 

BACKGROUND OF THE INVENTION 

1 Technical Field of the Invention 

The present invention relates generally to a gas sensor 
element which may be used to measure the concentration of a 
specified gas component such as a nitrogen oxide contained in 
exhaust gasses of an automotive engine, and more particularly to 
an improved structure of such a gas sensor element designed to 
minimize an error of a sensor output. 

2 Background Art 

The air pollution caused by exhaust emissions of 
automotive engines is an essential problem to be solved in modern 
society. The emission regulations about harmful products 
contained in the exhaust emissions is being made more rigorous 
with the years. In such a background, gas sensor elements 
capable of detecting the harmful products in the exhaust emissions 
have, therefore, been sought. Effective control of automobile 
emissions has been proposed which is achieved by measuring the 
concentration of a harmful product contained in the emissions 
such as a nitrogen oxide (NOx) directly using a gas sensor element 
and feeding a sensor output back to an engine burning control 
system and /or a catalytic system. 

Fig. 22 shows one example of conventional gas sensor 
elements of the type as discussed above. 



The gas sensor element 1 consists essentially of an oxygen 
pump cell 2, an oxygen monitor cell 3, and a sensor cell 4. The 
oxygen pump cell 2 includes an oxygen ion- conducting member 5 
and a pair of electrodes 2a and 2b and works to pump oxygen 
molecules into or out of an upstream chamber 7a of a gas cavity 7. 
The oxygen monitor cell 3 includes an oxygen ion-conducting 
member 6 and a pair of electrodes 3a and 3b and works to monitor 
the concentration of oxygen molecules within the upstream 
chamber 7a and provide a sensor signal indicative thereof. The 
sensor signal is fed back to the oxygen pump cell 2 through a 
controller to keep the concentration of oxygen molecules within the 
upstream chamber 7a constant. 

The sensor cell 4 is disposed within a downstream chamber 
7b of the gas cavity 7 and made up of a portion of the oxygen 
ion-conducting member 6 and a pair of electrodes 4a and 4b. The 
sensor cell 4 works to measure oxygen ions produced by reducing 
and dissociating (ionizing) NOx molecules within the downstream 
chamber 7b to determine the concentration of NOx molecules 
within the gas cavity 7. Specifically, the oxygen concentration 
within the upstream chamber 7a is, as described above, kept 
constant, so that the oxygen concentration within the downstream 
chamber 7b leading to the upstream chamber 7a will be constant. 
The amount of the oxygen ions passing through the sensor cell 4, 
that is, the magnitude of oxygen ion current flowing through the 
sensor cell 4 will, thus, be a function of the NOx concentration. 
This permits the NOx concentration to be measured regardless of a 



variation in concentration of the oxygen molecules contained in 
exhaust gasses of automotive engines. 

The above structure of the gas sensor element 1 has, 
however a problem in that the concentrations of oxygen molecules 
near the oxygen monitor cell 3 and the sensor cell 4 differ from 
each other slightly, thereby resulting in an error of the output of 
the sensor cell 4. Specifically, the oxygen monitor cell 3 is located 
upstream of the sensor cell 4 in a direction of flow of the gasses 
within the gas cavity 7. Within the gas cavity 7, the concentration 
of oxygen molecules usually changes, thus resulting in a difference 
in concentration of oxygen molecules between the oxygen monitor 
cell 3 and the sensor cell 4. Therefore, even if the concentration of 
oxygen molecules within the gas cavity 7 is kept constant under 
feedback control using the output of the oxygen monitor cell 3, the 
concentration of oxygen molecules near the electrode 4a of the 
sensor cell 4 differs from that near the electrode 3a of the oxygen 
monitor cell 3, which produces the error of the output of the sensor 
cell 4. Fig. 23 illustrates relations between a current flowing 
through the sensor cell 4 and a change in concentration of NOx 
within the gas cavity 7 for different concentrations of oxygen 
molecules within the gas cavity 7. The graph shows that the 
current produced by the sensor cell 4 changes as a function of the 
concentration of NOx and that a nonnegligible error of the output 
of the sensor cell 4 arises from a change in concentration of oxygen 
molecules within the gas cavity 7. 
SUMMARY OF THE INVENTION 



It is therefore a principal object of the present invention to 
avoid the disadvantages of the prior art. 

It is another object of the present invention to provide a gas 
sensor element which is designed to minimize an error of a senor 
output. 

According to one aspect of the invention, there is provided a 
gas sensor element which may be built in a gas sensor used in an 
engine burning control system and/ or a catalytic system of 
automotive vehicles. The gas sensor element comprises: (a) a gas 
cavity into which gasses consisting essentially of oxygen molecules 
and a specified oxygen containing gas are admitted through a given 
dispersion resistance; (b) an oxygen pump cell including an oxygen 
ion-conducting member, a first pump cell electrode, and a second 
pump cell electrode which is exposed to the gas cavity, the oxygen 
pump cell being responsive to application of a voltage across the 
first and second pump cell electrodes to selectively pump oxygen 
molecules into and out of the gas cavity for adjusting a 
concentration of the oxygen molecules within the gas cavity to a 
desired value; (c) an oxygen monitor cell including an oxygen 
ion-conducting member, a first monitor cell electrode, and a 
second monitor cell electrode which is exposed to the gas cavity, 
the oxygen monitor cell working to produce an electric signal 
indicative of a concentration of the oxygen molecules within the gas 
cavity; and (d) a sensor cell including an oxygen ion-conducting 
member, a first sensor cell electrode, and a second sensor cell 
electrode which is exposed to the gas cavity, the sensor cell 



working to produce an electric signal indicative of a concentration 
of the specified oxygen containing gas within the gas cavity. The 
oxygen monitor cell and the sensor cell are disposed at 
substantially the same location in a direction of flow of the gasses 
within the gas cavity. Specifically, the concentration of oxygen 
molecules hardly changes in a direction perpendicular to the flow 
of the gasses, so that the concentrations of oxygen molecules 
around the second monitor cell electrode and the second sensor 
cell electrode are substantially identical with each other. This 
minimizes an error of the signal outputted from the sensor cell 
arising from a variation in concentration of oxygen molecules 
within the gas cavity, thereby improving the accuracy of 
determining the concentration of the specified oxygen containing 
gas within the gas cavity. 

In the preferred mode of the invention, a reference gas 
cavity is provided into which gasses containing a constant 
concentration of oxygen molecules are admitted. The first monitor 
cell electrode is exposed to the reference gas cavity. The oxygen 
monitor cell is responsive to application of a voltage across the first 
and second monitor cell electrodes to produce a current flowing 
between the first and second monitor cell electrodes as a function 
of the concentration of oxygen molecules within the gas cavity. 

The voltage applied across the first and second pump cell 
electrodes is controlled so as to bring the current produced by the 
oxygen monitor cell into agreement with a constant value for 
adjusting the concentration of oxygen molecules within the gas 



cavity to the desired value. 

The first monitor cell electrode is exposed to the reference 
gas cavity. The oxygen monitor cell may alternatively is designed 
to produce an electromotive force between the first and second 
monitor cells as a function of the concentration of oxygen 
molecules within the gas cavity. The voltage applied across the 
first and second pump cell electrodes is controlled so as to bring 
the electromotive force produced by the oxygen monitor cell into 
agreement with a constant value for adjusting the concentration of 
oxygen molecules within the gas cavity to the desired value. 

The sensor cell is responsive to application of a voltage 
across the first and second sensor cell electrodes to produce a 
current flowing between the first and second sensor cell electrodes 
as a function of the concentration of the specified oxygen 
containing gas within the gas cavity. 

A difference between the current produced by the oxygen 
monitor cell and the current produced by the sensor cell may be 
provided as a sensor output indicating the concentration of the 
specified oxygen containing gas. 

The gas cavity consists essentially of a first chamber and a 
second chamber which communicate with each other through a 
given diffusion resistance. The oxygen pump cell is disposed 
within the first chamber. The oxygen monitor cell and the sensor 
cell are disposed within the second chamber. 

A partition may also be disposed between the oxygen 
monitor cell and the sensor cell within the gas cavity, thereby 



avoiding physical interference therebetween. 

Each of the second pump cell electrode and the second 
monitor cell electrode exposed to the gas cavity may be made of a 
cermet containing main metallic components of Pt and Au. The 
second sensor cell electrode exposed to the gas cavity may be made 
of a cermet whose main component is a metal alloy containing Pt 
and at least one of Rh and Pd. 

The second oxygen monitor cell electrode and the second 
sensor cell electrode have ends oriented to an upstream side of the 
flow of the gasses within the gas cavity. One of the ends may be 
shifted from the other in the direction of the flow of the gasses by 
2mm or less. 

An interval between a line about which the second monitor 
cell electrode of the oxygen monitor cell and the second sensor cell 
electrode of the sensor cell are arranged to be axi-symmetric and a 
center line of a gas path formed upstream of the second monitor 
cell and the second sensor cell within the gas cavity may be 1mm 
or less. 

An air-fuel ratio sensor may further be provided which 
works to measure a concentration of an air-fuel ratio of the gasses. 
The air-fuel ratio sensor is made up of an oxygen ion-conducting 
member, a first electrode, and a second electrode attached to 
surfaces of the oxygen ion-conducting member. The first electrode 
is exposed to a gas space within which the gasses exist. The 
second electrode is exposed to a reference gas cavity into which 
gasses containing a constant concentration of oxygen molecules 
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are admitted. 

The gas cavity has a width and a length extending in the 
direction of flow of the gasses. The second monitor cell electrode 
and the second sensor cell electrode may be arranged in parallel to 
each other in a widthwise direction of the gas cavity. 

The gas sensor element has a length extending in the 
direction of flow of the gasses. The second monitor cell electrode 
and the second sensor cell electrode may alternatively be laid to 
overlap each other in a thicknesswise direction perpendicular to 
the length of the gas sensor element. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be understood more fully from 
the detailed description given hereinbelow and from the 
accompanying drawings of the preferred embodiments of the 
invention, which, however, should not be taken to limit the 
invention to the specific embodiments but are for the purpose of 
explanation and understanding only. 

In the drawings: 

Fig. 1 (a) is a vertical sectional view which shows a gas 
sensor element according to the first embodiment of the invention; 

Fig. 1 (b) is a transverse sectional view taken along the line 
A-A in Fig. 1(a); 

Fig. 2 is an exploded perspective view which shows the gas 
sensor element of Figs. 1(a) and 1(b); 

Fig. 3 is a graph which shows relations between a current 
flowing through a sensor cell and the concentration of NOx 



molecules for different concentrations of oxygen molecules; 

Fig. 4(a) is a vertical sectional view which shows a gas senor 
element according to the second embodiment of the invention; 

Fig. 4(b) is a partially horizontal sectional view taken along 
the line B-Bin Fig. 4(a); 

Figs. 4(c), 4(d), and 4(e) are partially horizontal sectional 
views which show modifications of an oxygen monitor cell and a 
sensor cell; 

Fig. 5(a) is a vertical sectional view which shows a gas 
sensor element according to the third embodiment of the invention; 

Fig. 5(b) is a transverse sectional view taken along the line 
A-Ain Fig. 5(a); 

Fig. 6(a) is a vertical sectional view which shows a gas 
sensor element according to the fourth embodiment of the 
invention; 

Fig. 6(b) is a transverse sectional view taken along the line 
A-A in Fig. 6(a); 

Fig. 7 is an exploded perspective view which shows the gas 
sensor element of Figs. 6(a) and 6(b); 

Fig. 8(a) is a vertical sectional view which shows a gas 
sensor element according to the fifth embodiment of the invention; 

Fig. 8(b) is a transverse sectional view taken along the line 
A-A in Fig. 8(a); 

Fig. 9(a) is a vertical sectional view which shows a gas 
sensor element according to the sixth embodiment of the invention; 
Fig. 9(b) is a transverse sectional view taken along the line 
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A-A in Fig. 9(a); 

Fig. 10 is a graph which shows relations between a current 
produced by an oxygen pump cell and a voltage applied to the 
oxygen pump cell for different concentrations of oxygen molecules; 

Fig. 1 1 is a graph which shows relations between a 
difference in currents produced by a sensor cell and an oxygen 
monitor cell and the concentration of NOx for different 
concentrations of oxygen molecules; 

Fig. 12(a) is a vertical sectional view which shows a gas 
sensor element according to the seventh embodiment of the 
invention; 

Fig. 12(b) is a transverse sectional view taken along the line 
A-A in Fig. 12(a); 

Fig. 13(a) is a vertical sectional view which shows a gas 
sensor element according to the eighth embodiment of the 
invention; 

Fig. 13(b) is a transverse sectional view taken along the line 
A-A in Fig. 13(a); 

Fig. 14(a) is a vertical sectional view which shows a gas 
senor element according to the ninth embodiment of the invention; 

Fig. 14(b) is a partially horizontal sectional view taken along 
the line B-Bin Fig. 14(a); 

Fig. 14(c) is partially horizontal sectional view which shows 
an oxygen monitor cell and a sensor cell according to the tenth 
embodiment of the invention; 

Fig. 15 is a graph which shows a relation between an error 
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of a sensor output and a longitudinal shift between electrodes of an 
oxygen monitor cell and a sensor cell; 

Fig. 16 is a graph which shows a relation between an error 
of a sensor output and a lateral shift of electrodes of an oxygen 
monitor cell and a sensor cell from a center line of a gas path; 

Fig. 17(a) is a vertical sectional view which shows a gas 
sensor element according to the eleventh embodiment of the 
invention; 

Fig. 17(b) is a transverse sectional view taken along the line 
A-A in Fig. 17(a); 

Fig. 18(a) is a vertical sectional view which shows a gas 
senor element according to the twelfth embodiment of the 
invention; 

Fig. 18(b) is a partially horizontal sectional view taken along 
the line B-Bin Fig. 18(a); 

Fig. 19 is an exploded perspective view which shows the gas 
sensor element of Figs. 18(a) and 18(b); 

Fig. 20(a) is a vertical sectional view which shows a gas 
sensor element according to the thirteenth embodiment of the 
invention; 

Fig. 20(b) is a transverse sectional view taken along the line 
A-A in Fig. 20(a); 

Fig. 21 is an exploded perspective view which shows the gas 
sensor element of Figs. 20(a) and 20(b); 

Fig. 22 is a vertical sectional view which shows a 
conventional gas sensor element; and 
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Fig. 23 is a graph which shows relations between a current 
flowing through a sensor cell and the concentration of NOx 
molecules for different concentrations of oxygen molecules in the 
gas sensor element as illustrated in Fig. 22. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring now to the drawings, wherein like numbers refer 
to like parts in several views, particularly to Figs. 1(a) and 1(b), 
there is shown a gas sensor element 1 according to the invention 
which may be installed in an exhaust pipe of an internal 
combustion engine to measure the concentration of a specified 
oxygen-containing gas component such as NOx molecules 
contained in exhaust gasses for use in engine burning control 
and. /or catalytic systems. 

The following discussion will refer, as an example, to such 
measurement of NOx contained in exhaust gasses of an automotive 
engines. For the measurement of the NOx concentration in the 
exhaust gasses, the gas sensor element 1 is disposed within a 
cylindrical casing and installed in the exhaust pipe with a left end 
thereof, as viewed in the drawing, exposed to the exhaust gasses 
and a right end thereof exposed to air used as a reference gas. 

The gas sensor element 1 is made of a lamination of a first 
solid electrolyte sheet 5, a second solid electrolyte sheet 6, a first 
spacer 18, a second spacer 19, and a heater 16 which have lengths 
oriented in the same direction and longitudinal center lines thereof 
substantially coinciding with each other. The first solid electrolyte 
plate 5 forms an oxygen pump cell 2 together with electrodes 2a 
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and 2b. The second solid electrolyte sheet 6 forms an oxygen 
monitor cell 3 together with electrodes 3a and 3b and a sensor cell 
4 together with electrodes 4a and 4b. The first spacer 18 defines a 
gas cavity 7 between the first and second solid electrolyte sheets 5 
and 6. The second spacer 19 defines a reference gas cavity 8 
between the second solid electrolyte sheet 6 and the heater 16. 
The heater 16 works to heat up the lamination to a desired sensor 
activating temperature. 

The gas cavity 7 leads to the inside of the exhaust pipe of 
the engine (i.e., a gas space within which a gas to be measured 
exists) for admitting the exhaust gasses thereinto. The gas cavity 
7 is defined, as clearly shown in Fig. 2, by two square holes 18a 
and 18b formed in the first spacer 18 disposed between the first 
and second solid electrolyte sheets 5 and 6. The holes 18a and 
18b communicate with each other through an orifice 18c. 
Specifically, the gas cavity 7 is made up of a first chamber 7a 
defined by the hole 18a and a second chamber 7b defined by the 
hole 18b which are arrayed in a lengthwise direction of the sensor 
element 1 (i.e., the direction of flow of the gasses). 

The first chamber 7a leads inside the exhaust pipe through 
a pinhole 1 1 which is formed through a thickness of a tip of the 
first electrolyte sheet 5 and serves as a diffusion resistor. The size 
of the pinhole 11 is so selected as to bring a diffusion rate of the 
measurement gas (i.e., NOx molecules) admitted therethrough into 
the first and second chambers 7a and 7b into agreement with a 
desired one. 
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The first solid electrolyte sheet 5 has disposed thereon a 
porous protective layer 12 made of a porous alumina material, for 
example. The protective layer 12 covers the electrode 2b of the 
oxygen pump cell 2 and the pinhole 1 1 for protecting the electrode 
2b and the electrode 2 a exposed to the first chamber 7a from 
harmful gaseous components and preventing the pinhole 1 1 from 
clogging. Instead of the pinhole 1 1 , a measurement gas permeable 
porous member may be disposed in the tip of the first solid 
electrolyte sheet 5. 

The reference gas cavity 8 leads outside the exhaust pipe or 
the ambient atmosphere for admitting thereinto the air used as a 
reference gas. The reference gas cavity 8 is, as clearly shown in 
Fig. 2, defined by a square hole 19a formed in the second spacer 
19. The hole 19a leads to the atmosphere through a slit 19a 
extending in the lengthwise direction of the second spacer 19. The 
first and second spacers 18 and 19 are made of an insulating 
material such as alumina. The first and second solid electrolyte 
sheets 5 and 6 are each made of an oxygen ion conductive 
electrolyte such as zirconia or ceria. 

The oxygen pump cell 2 works to reduce and dissociate or 
ionize oxygen molecules (O2) contained the exhaust gasses existing 
outside the gas sensor element 1 and pump them into the gas 
cavity 7 and also to dissociate or ionize and pump the oxygen 
molecules (O2) outside the gas cavity 7 when the concentration of 
oxygen within the gas cavity 7 is higher than a given level for 
keeping the concentration of oxygen molecules within the gas 
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cavity 7 at the given level- The oxygen pump cell 2, as described 
above, includes the electrodes 2a and 2b attached to opposed sides 
of the first solid electrolyte sheet 5. The electrode 2a is exposed to 
the first chamber 7a located upstream of the second chamber 7b in 
flow of the gasses in the gas cavity 7. The electrode 2b is exposed 
to the gas space or inside the exhaust pipe through the porous 
protective layer 12. 

The oxygen monitor cell 3 works to measure the 
concentration of oxygen molecules within the gas cavity 7 and is 
made up of the second solid electrolyte sheet 6 and the electrodes 
3a and 3b attached to opposed sides of the second solid electrolyte 
sheet 6. The electrode 3a is exposed to the second chamber 7b 
located downstream of the first chamber 7a in the flow of the 
gasses in the gas cavity 7. The electrode 3b is exposed to the 
ambient atmosphere through the reference gas cavity 8. 

The sensor cell 4 works to discharge oxygen produced when 
NOx molecules contained in the exhaust gasses are dissociated 
within the second chamber 7b to the reference gas cavity 8 to 
measure the concentration of NOx molecules. The sensor cell 4 is, 
as clearly shown in Fig. 1(b), made up of the second solid 
electrolyte sheet 6 and the electrodes 4a and 4b attached to 
opposed sides of the second solid electrolyte sheet 6. Like the 
oxygen monitor cell 3, the electrode 4a is exposed to the second 
chamber 7b. The electrode 4b is exposed to the ambient 
atmosphere through the reference gas cavity 8. 

The feature of the invention is that the oxygen monitor cell 
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3 and the sensor cell 4 are disposed within the gas cavity 7 at 
substantially the same location in a direction of flow of the gasses 
within the gas cavity 7. In other words, the oxygen monitor cell 3 
and the sensor cell 4 in the first embodiment are, as can be seen 
from Figs. 1(b) and 2, aligned with a width-wise direction of the gas 
sensor element 1 (i.e., the second solid electrolyte sheet 6) to be 
symmetrical with respect to the longitudinal center line of the 
second solid electrolyte sheet 6 (i.e., a longitudinal center line of a 
gas path defined in the gas cavity 7), thereby resulting in the same 
concentration of oxygen molecules on the electrode 3a of the 
oxygen monitor cell 3 and the electrode 4a of the sensor cell 4 
regardless of the distribution of oxygen molecules within the gas 
cavity 7. This is because the distribution of oxygen molecules 
within the gas cavity 7 is apt to change in the direction of flow of 
the gasses (i.e., the lengthwise direction of the gas sensor element 
1), but less susceptible to change in a direction perpendicular to 
the flow of the gasses. 

The electrode 2a of the oxygen pump cell 2 exposed to the 
first chamber 7a and the electrode 3a of the oxygen monitor cell 3 
exposed to the second chamber 7b are preferably made of a 
material which is inactive with respect to NOx or hardly dissociate 
NOx for minimizing a dissociated amount of NOx contained in the 
gasses. For instance, porous cermet electrodes containing main 
components of Pt and Au may be used. A metal component of the 
cermet electrodes preferably contains 1% to 10% by weight of Au. 
The electrode 4a of the sensor cell 4 exposed to the second 
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chamber 7b is preferably made of a material which is highly active 
to NOx or capable of dissociating NOx easily. For instance, a 
porous cermet electrode which contains main components of Pt 
and Rh or a main component of Pt and at least one of Rh and Pd 
may be used. A metal component of the cermet electrode 
preferably contains 1% to 50% by weight of Rh. The electrode 2b 
of the oxygen pump cell 2, the electrode 3b of the oxygen monitor 
cell 3, and the electrode 4 b of the sensor cell 4 are preferably 
implemented by porous cermet electrodes containing Pt. The 
porous cermet electrodes may be made by firing a paste consisting 
of a metallic component and a ceramic component such as zirconia 
or alumina. 

The electrodes 2a and 2b of the oxygen pump cell 2, the 
electrodes 3a and 3b of the oxygen monitor cell 3, and the 
electrodes 4a and 4b of the sensor cell 4, as clearly shown in Fig. 2, 
have leads 2c, 2d, 3c, 3d, 4c, and 4d for picking up electric signals 
therefrom. It is advisable that insulating layers made of, for 
example, alumina be formed on areas of the opposed major 
surfaces of the first and second solid electrolyte sheets 5 and 6 
other than areas on which the electrodes 2a, 2b, 3a, 3b, 4a, and 4b 
are formed, especially between the leads 2c, 2d, 3c, 3d, 4c, and 4d 
and the surfaces of the first and second solid electrolyte sheets 5 
and 6. 

The heater 16 is made of a lamination of a heater sheet 13 
and an insulating layer 1 5 made of alumina. The heater sheet 1 3 
is made of an insulating material such as alumina and has 
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patterned thereon a heater electrode 14 which is supplied with 
electric power to heat the cells 2,3, and 4 up to a given activating 
temperature. The heater electrode 14 may be implemented by a 
cermet electrode made of Pt and ceramic such as alumina. 

The heater electrode 14 and the electrodes 2a, 2b, 3a, 3b, 
4a, and 4b of the oxygen pump cell 2, the oxygen monitor cell 3, 
and the sensor cell 4 are, as shown in Fig. 2, connected to 
terminals P (also called pad electrodes) formed on ends of the first 
solid electrolyte sheet 5 and the heater sheet 13 through holes SH 
formed in the first solid electrolyte sheet 5, the first spacer 18, the 
second spacer 19, the insulating layer 15, and the heater sheet 13 
and the leads 2c, 2d, 3c, 3d, 4c, and 4d. The terminals Pare 
connected electrically to an external control circuit (not shown) 
through leads soldered or brazed to the terminals P for 
transmission of signals between the cells 2, 3, and 4 and the 
external control circuit. Note that only the lead 2d of the electrode 
2b has the terminal P formed integrally with the end thereof. 

The first and second solid electrolyte sheets 5 and 6, the 
first and second spacers 18 and 19, the insulating layer 15, and 
the heater sheet 13 are made of thin films formed by using a doctor 
blade or extrusion molding. The heater electrode 14, the 
electrodes 2a, 2b, 3a, 3b, 4a, and 4b, the leads 2c, 2d, 3c, 3d, 4c, 
and 4d, and the terminals P are formed on the films through, for 
example, screen printing. The films are laminated and baked to 
make the gas sensor element 1 . 

In operation, exhaust gasses containing O2, NOx, H2O, etc. 
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are admitted into the first chamber 7a of the gas cavity 7 through 
the porous protective layer 12 and the pinhole 11. The amount of 
the exhaust gasses entering the gas cavity 7 depends upon the 
diffusion resistances of the porous protective layer 12 and the 
pinhole 11. The exhaust gasses pass through the orifice 18c and 
reach the second chamber 7b. 

Application of voltage across the electrodes 2a and 2b of the 
oxygen pump cell 2 so that a positive potential may be developed at 
the electrode 2b will cause oxygen molecules within the first 
chamber 7a to be ionized on the electrode 2a and pumped or 
transferred to the electrode 2b. Conversely, application of voltage 
across the electrodes 2a and 2b of the oxygen pump cell 2 so that a 
positive potential may be developed at the electrode 2a will cause 
oxygen molecules and water vapor within the exhaust pipe of the 
engine to be ionized on the electrode 2b and pumped or transferred 
to the electrode 2a. With such oxygen pumping, the concentration 
of oxygen molecules within the gas cavity 7 is controlled by 
changing the degree and orientation of the voltage applied across 
the electrodes 2a and 2b of the oxygen pump cell 2. 

Application of voltage (e.g., 0.40V) across the electrodes 3a 
and 3b of the oxygen monitor cell 3 so that a positive potential may 
be developed at the electrode 3b exposed to the reference gas cavity 
8 will cause oxygen molecules within the second chamber 7b to be 
ionized on the electrode 3a and pumped or transferred to the 
electrode 3b. The electrode 3a is, as described above, a Pt-Au 
cermet electrode inactive with NOx that is a target gas component 
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to be measured, therefore, an oxygen ion current flows between the 
electrodes 3a and 3b as a function of the amount of O2 passing 
through the porous protective layer 12 and the pinhole 1 1 and 
entering the first chamber 7a regardless of the amount of NOx. 
The concentration of oxygen molecules within the gas cavity 7, 
especially the second chamber 7b is, thus, kept constant by 
measuring the current flowing between the electrodes 3a and 3b 
through an ammeter 101, as shown in Figs. 1(a) and 1(b), and 
controlling the voltage applied to the electrodes 2a and 2b of the 
oxygen pump cell 2 so as to keep the current at a constant value 
(e.g., l£iA). 

Application of a given voltage (e.g., 0.40V) across the 
electrodes 4a and 4b of the sensor cell 4 so that a positive potential 
may be developed at the electrode 4b exposed to the reference gas 
cavity 8 will cause oxygen molecules and NOx molecules within the 
second chamber 7b of the gas cavity 7 to be ionized on the 
electrode 4a, so that oxygen ions are pumped or transferred to the 
electrode 4b because the electrode 4a is, as described above, 
implemented by the Pt ~Rh cermet electrode which is active with 
NOx. The oxygen pump cell 2 is, as described above, so controlled 
that the current flowing between the electrodes 3a and 3b of the 
oxygen monitor cell 3 may be kept at a constant level (e.g., 1/zA), 
thereby causing the concentration of oxygen molecules within the 
second chamber 7b to be kept constant. The sensor cell 4 and the 
oxygen monitor cell 3 are, as described above, located at the same 
position in the direction of flow of the gasses in the gas cavity 7, so 
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that the quantity of oxygen molecules reaching the oxygen monitor 
cell 3 will substantially be identical with that reaching the sensor 
cell 4. Thus, even if the concentration of oxygen molecules within 
the gas cavity 7 varies, the concentrations of oxygen molecules 
near the sensor cell 4 and the oxygen monitor cell 3 show 
substantially the same value. 

Therefore, controlling the voltage applied to the oxygen 
pump cell 2 so as to keep the current flowing through the oxygen 
monitor cell 3 at a constant level (e.g., 1 nA) causes the current 
flowing between the electrodes 4a and 4b of the sensor cell 4 to be 
kept at a constant level (e.g., 1 /zA) if the gasses contain no NOx. 
Alternatively, if the gasses contain NOx molecules, the quantity of 
oxygen ions produced by dissociation of the NOx molecules 
increases, thereby causing the current flowing between the 
electrodes 4a and 4b of the sensor cell 4 to increase. This allows 
the concentration of NOx contained within the gasses to be 
determined with a higher degree of accuracy regardless of oxygen 
molecules contained in the gasses by measuring the current 
flowing between the electrodes 4a and 4b of the sensor cell 4 using 
the ammeter 102. 

Fig. 3 illustrates characteristics of measurement of NOx by 
the gas sensor element 1 . The graph shows that the current 
produced by the sensor cell 4 changes substantially in proportion 
to the concentration NOx contained in the gasses entering the gas 
cavity 7 when the concentration of oxygen molecules is 1%, 10%, 
or 20% and that the accuracy of measuring the concentration of 
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NOx is greatly improved without errors arising from a variation in 
concentration of oxygen molecules within the gas cavity 7. 

Figs. 4(a) and 4(b) show the gas sensor element 1 according 
to the second embodiment of the invention in which the electrode 
3a of the oxygen monitor cell 3 and the electrode 4a of the sensor 
cell 4 are, as clearly shown in Fig. 4(b), waved and located to be 
symmetrical with respect to the longitudinal center line of the 
second solid electrolyte sheet 6, thereby, like the first embodiment, 
resulting in the same concentration of oxygen molecules on the 
electrode 3a of the oxygen monitor cell 3 and the electrode 4a of 
the sensor cell 4. Other arrangements are identical with those of 
the first embodiment, and explanation thereof in detail will be 
omitted here. 

The electrode 3a of the oxygen monitor cell 3 and the 
electrode 4a of the sensor cell 4 may be formed to have, as clearly 
shown in Fig. 4(c), a comb-shape, as shown in Fig. 4(d), waved 
opposed surfaces, or, as shown in Fig. 4(e), asymmetric opposed 
surfaces. 

Figs. 5(a) and 5(b) illustrate the gas sensor element 1 
according to the third embodiment of the invention which is 
different from the first embodiment in that the electrode 3a of the 
oxygen monitor cell 3 and the electrode 4a of the sensor cell 4 are 
laid to overlap each other in a thicknesswise direction of the gas 
sensor element 1. 

Specifically, the electrode 4a of the sensor cell 4 is disposed 
on the surface of the second solid electrolyte sheet 6 exposed to the 
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second chamber 7b of the gas cavity 7, while the electrode 3a of 
the oxygen monitor cell 3 is disposed on the surface of the first 
solid electrolyte sheet 5 exposed to the second chamber 7b. A 
lamination of spacers 17 and 10 is disposed on a portion of the 
surface of the first solid electrolyte sheet 5 other than the porous 
protective layer 12 to define a second reference gas cavity 8\ The 
second reference gas cavity 8' is, like the reference gas cavity 8, 
formed by an opening machined in the spacer 17. The electrode 
3b of the oxygen monitor cell 3 is exposed to the second reference 
gas cavity 8'. Likewise to the first embodiment, the oxygen 
monitor cell 3 and the sensor cell 4 are arranged at the same 
location in the direction of flow of the gasses passing through the 
gas cavity 7. The structure of this embodiment permits the 
electrodes 3a, 3b, 4a, and 4b of the oxygen monitor cell 3 and the 
sensor cell 4 to be increased in area as compared with the first 
embodiment. 

Figs. 6(a), 6(b), and 7 show the gas sensor element 1 
according to the fourth embodiment of the invention which is 
different from the first embodiment in that the second chamber 7b 
of the gas cavity 7 is, as clearly shown in Fig. 6(b), separated by a 
partition 18d into first and second sub-chambers 7c and 7d within 
which the electrode 3a of the oxygen monitor cell 3 and the 
electrode 4a of the sensor cell 4 are disposed, respectively. Other 
arrangements are identical, and explanation thereof in detail will 
be omitted here. 

The partition 18d is, as can be seen from Fig. 7, formed on 
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the spacer 18 and extends within the hole 18b in alignment with 
the orifice 18c in the lengthwise direction of the spacer 18 so as to 
distribute the flow of the gasses uniformly to the first and second 
sub-chambers 7c and 7d. This avoids dispersion of Au contained 
in the electrode 3a to the electrode 4a resulting in reduction in 
activation of the electrode 4a to dissociate NOx and also avoids 
physical interference between the oxygen monitor cell 3 and the 
sensor cell 4, thereby improving the accuracy of measuring the 
concentration of NOx. 

Figs. 8(a) and 8(b) show the gas sensor element 1 according 
to the fifth embodiment of the invention which is different from the 
first embodiment in that a voltmeter 103 is provided which 
measures the voltage developed across the electrodes 3a and 3b of 
the oxygen monitor cell 3. The gas sensor element 1 of the above 
embodiments is designed to determine the concentration of oxygen 
in the second chamber 7b of the gas cavity 7 by measuring the 
current flowing through the oxygen monitor cell 3, while the gas 
sensor element 1 of this embodiment is designed to measure the 
electromotive force produced in the oxygen monitor cell 3 
alternative to measurement of the current using the ammeter 101. 

In operation, a difference in concentration of oxygen 
between the second chamber 7b of the gas cavity 7 and the 
reference gas cavity 8 into which the air is admitted will cause the 
electromotive force to be produced across the electrode 3a of the 
oxygen monitor cell 3 exposed to the second chamber 7b and the 
electrode 3b exposed to the reference gas cavity 8 according to the 
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Nernst equation. The concentration of oxygen within the reference 
gas cavity 8 is viewed as being constant, so that the electromotive 
force is produced across the electrodes 3a and 3b as a function of 
the concentration of oxygen within the second chamber 7b. The 
control of the concentration of oxygen within the second chamber 
7b to keep it constant is, therefore, achieved by measuring the 
electromotive force produced across the electrodes 3a and 3b using 
the voltmeter 1 03 and controlling the voltage applied across the 
electrodes 2a and 2b of the oxygen pump cell 2 so as to keep the 
electromotive force measured by the voltmeter 103 at a constant 
level (e.g., 0.4V). Other arrangements and operation are identical 
with those in the first embodiment, and explanation thereof in 
detail will be omitted here. 

Figs. 9(a) and 9(b) show the gas sensor element 1 according 
to the sixth embodiment of the invention which is different from 
the above embodiments in that the oxygen pump cell 2 is 
controlled to produce a limiting current as a function of the 
concentration of oxygen. Other arrangements are identical, and 
explanation thereof in detail will be omitted here. 

Fig. 10 illustrates a relation between the voltage Vp applied 
to the oxygen pump cell 2 and the limiting current Ip produced by 
the oxygen pump cell 2. The graph shows that the oxygen pump 
cell 2 produces the limiting current /pas a function of the 
concentration of oxygen within a given applied voltage range 
defined by a portion of each curve extending parallel to an abscissa 
axis (i.e., a Vp-axis). The applied voltage range is shifted to a 
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positive side of the pump cell-applied voltage Vp as the 
concentration of oxygen increases. Keeping the concentration of 
oxygen within the first chamber 7a of the gas cavity 7 at a constant 
lower level is, therefore, accomplished by controlling the pump 
cell- applied voltage Vp based on the concentration of oxygen. 

However, as compared with the above embodiments in 
which the voltage applied to the oxygen pump cell 2 is controlled 
using the current flowing through the oxygen monitor cell 3, the 
concentration of oxygen within the second chamber 7b of the gas 
cavity 7 is apt to vary. The use of the current flowing through the 
electrodes 4a and 4b of the sensor cell 4 as an output of the gas 
sensor element 1 indicating the concentration of NOx may, thus, 
lead to an error of the sensor output. The oxygen monitor cell 3 
and the sensor cell 4 are, like the above embodiments, arranged at 
the same location in the direction of flow of the gasses flowing 
through the gas cavity 7, so that substantially the same 
concentration of oxygen exists around the electrode 3a of the 
oxygen monitor cell 3 and the electrode 4a of the sensor cell 4. 
Therefore, the gas sensor element 1 of this embodiment is designed 
to measure a difference between currents flowing through the 
oxygen monitor cell 3 and the sensor cell 4 using a current 
difference detector 9 to provide it as a sensor output, thereby 
compensating for an error of the sensor output arising from a 
variation in concentration of oxygen within the second chamber 7b 
of the gas cavity 7. 

Fig. 1 1 illustrates a relation between the difference between 
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currents flowing through the oxygen monitor cell 3 and the sensor 
cell 4 and the concentration of NOx in the sixth embodiment. The 
graph shows that the sensor output changes as a function of the 
concentration of NOx regardless of a variation in concentration of 
oxygen within the second chamber 7b of the gas cavity 7. 

Figs. 12(a) and 12(b) illustrate the gas sensor element 1 
according to the seventh embodiment of the invention which is 
different from the sixth embodiment of Figs. 9(a) and 9(b) only in 
that a second oxygen monitor cell 3 1 is also disposed within the 
second chamber 7b of the gas cavity 7. The second oxygen 
monitor cell 3 1 is made up of a portion of the second solid 
electrolyte sheet 6 and electrodes 31a and 31b attached to opposed 
surfaces of the second solid electrolyte sheet 6 and works to 
produce a current as a function of the concentration of oxygen 
within the second chamber 7b. The current produced by the 
second oxygen monitor cell 31 is measured by the ammeter 104 
and used to control the voltage to be applied to the oxygen pump 
cell 2 so as to kept the concentration of oxygen as measured by the 
second oxygen monitor 31 constant. A difference between 
currents flowing through the oxygen monitor cell 3 and the sensor 
cell 4 is, like the sixth embodiment, determined through the 
current difference detector 9 to provide it as a sensor output, 
thereby compensating for an error of the sensor output arising 
from a variation in concentration of oxygen within the second 
chamber 7b of the gas cavity 7. 

Figs. 13(a) and 13(b) illustrate the gas sensor element 1 
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according to the eighth embodiment of the invention. 

The first solid electrolyte sheet 5 is disposed adjacent the 
heater 1 6 to define a reference gas cavity 8a leading to the ambient 
atmosphere. The electrode 2a of the oxygen pump cell 2 is 
exposed to the first chamber 7a of the gas cavity 7 defined in the 
spacer 18 interposed between the first and second solid electrolyte 
sheets 5 and 6, while the electrode 2b is exposed to the reference 
gas cavity 8a defined in the spacer 19. The electrode 4a of the 
sensor cell 4 and the electrode 3a of the oxygen monitor cell 3 are 
exposed to the second chamber 7b of the gas cavity 7 formed in the 
spacer 18, while the electrode 4b of the sensor cell 4 and the 
electrode 3b of the oxygen monitor cell 3 are exposed to a second 
reference gas cavity 8b defined, like the third embodiment of Figs. 
5(a) and 5(b), by the spacers 17 and 10 which leads to the ambient 
atmosphere. The structure of this embodiment works to reduce 
the current leaking from the heater 16, thereby improving the 
accuracy of determining the concentration of NOx. 

Figs. 14(a) and 14(b) illustrate the gas sensor element 1 
according to the ninth embodiment of the invention. 

It is essential to arrange the electrode 3a of the oxygen 
sensor cell 3 and the electrode 4a of the sensor cell 4 at the same 
location in the direction of flow of the gasses through the gas cavity 
7, but however, upstream ends of the electrodes 3a and 4a may be 
shifted, as shown in Fig. 14(b), longitudinally of the gas sensor 
element 1 by a distance A L which is preferably less than or equal 
to 2mm. The electrode 3a of the oxygen monitor cell 3 and the 
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electrode 4a of the sensor cell 4 are of a rectangular shape. 

The electrode 3a of the oxygen sensor cell 3 and the 
electrode 4a of the sensor cell 4 may alternatively be, as in the 
tenth embodiment shown in Fig. 14(c), shifted slightly in a 
width wise direction of the gas sensor element 1 (i.e. perpendicular 
to the direction of flow of the gasses through the gas cavity 7). 
The interval A W between a line CI about which the electrodes 3a 
and 4a are arranged to be axi-symmetric and a longitudinal center 
line C2 of the gas cavity 7 (i.e., the orifice 18c) is preferably less 
than or equal to 1mm. 

Figs. 15 and 16 represent errors in measuring the 
concentration of NOx in the ninth and tenth embodiments which 
are each expressed by a ratio of a current produced by the sensor 
cell 4 to that produced when the distance A L and the interval A W 
are zero (0), respectively. The ratios when the distance Aland A 
W^are zero (0) are defined as one (1). The graph of Fig. 15 shows 
that as the distance AL decreases, the measurement error 
decreases and that the measurement error when AL^2mm is low 
and permissible. Similarly, the graph of Fig. 16 shows that as the 
interval A W decreases, the measurement error decreases and that 
the measurement error when A 1mm is low and permissible. 

Figs. 17(a) and 17(b) illustrate the gas sensor element 1 
according to the eleventh embodiment of the invention which is a 
modification of the one of the eighth embodiment shown in Figs. 
13(a) and 13(b) in which an air-fuel ratio sensor cell 200 is 
provided. 
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The air-fuel ratio sensor cell 200 is made up of a portion of 
the second solid electrolyte sheet 6 and a pair of electrodes 200a 
and 200b attached to opposed surfaces of the portion of the second 
solid electrolyte sheet 6. The electrode 200a is exposed to the gas 
space (i.e., the inside of the exhaust pipe). The electrode 200b is 
exposed to the second reference gas cavity 8b defined by the 
spacers 17 and 10 disposed on the second solid electrolyte sheet 6. 
The electrode 200a is covered with the porous protective layer 12. 
The electrode 200b is implemented by an electrode which is, as 
clearly shown in Fig. 17(b), common to the electrodes 3b and 4b of 
the oxygen monitor cell 3 and the sensor cell 4. 

In operation, the air-fuel ratio sensor 200 works as an 
oxygen concentration cell and produces an electromotive force 
across the electrodes 200a and 200b. Since the concentration of 
oxygen within the reference gas cavity 8b is constant, the 
determination of the air-fuel ratio within the gas space or exhaust 
pipe of the engine is achieved by measuring the voltage developed 
across the electrodes 200a and 200b through a voltmeter 300. 
Specifically, the gas sensor element 1 of this embodiment is a 
composite sensor element capable of measuring both the 
concentration of NOx contained in the exhaust gasses of the engine 
and the air- fuel ratio of the exhaust gasses. 

Figs. 18(a), 18(b), and 19 illustrate the gas sensor element 1 
according to the twelfth embodiment of the invention which is a 
modification of the one of the sixth embodiment of Figs. 6(a) and 
6(b). 
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The second chamber 7b of the gas cavity 7 is separated by 
the partition 18d into first and second sub-chambers 7c and 7d 
extending in parallel to the length of the gas sensor element 1 . 
The electrode 3a of the oxygen monitor cell 3 is disposed within the 
first sub-chamber 7c, while the electrode 4a of the sensor cell 4 is 
disposed within the second sub-chamber 7d. The partition 18d 
has a square head disposed between the first and second 
chambers 7a and 7b to define two orifices 18c leading to the first 
and second sub-chambers 7c and 7d, respectively. The use of the 
partition 18d avoids dispersion of Au contained in the electrode 3a 
to the electrode 4a resulting in reduction in activation of the 
electrode 4a to dissociate NOx and also avoids physical 
interference between the oxygen monitor cell 3 and the sensor cell 
4, thereby improving the accuracy of measuring the concentration 
of NOx. 

Figs. 20(a), 20(b), and 21 illustrate the gas sensor element 1 
according to the thirteenth embodiment of the invention which is 
different from the first embodiment only in that a porous protective 
layer 120 is disposed over the electrodes 3a of the oxygen monitor 
cell 3 and the electrode 4a of the sensor cell 4 in order to avoid 
dispersion of Au contained in the electrode 3a to the electrode 4a 
resulting in reduction in activation of the electrode 4a to dissociate 
NOx and also avoid physical interference between the oxygen 
monitor cell 3 and the sensor cell 4, thereby improving the 
accuracy of measuring the concentration of NOx. 

While the present invention has been disclosed in terms of 
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the preferred embodiments in order to facilitate better 
understanding thereof, it should be appreciated that the invention 
can be embodied in various ways without departing from the 
principle of the invention. Therefore, the invention should be 
understood to include all possible embodiments and modifications 
to the shown embodiments which can be embodied without 
departing from the principle of the invention as set forth in the 
appended claims. 



